We report on the demonstration of three-dimensional optical trapping inside the core of a hollow-core microstructured optical fiber specifically designed and fabricated for this purpose. Optical trapping was achieved by means of an external tweezers beam incident transversely on the fiber and focused through the fiber cladding. Trapping was achieved for a range of particle sizes from 1 to 5 µm, and manipulation of the particles in three-dimensions through the entire cross-section of the fiber core was demonstrated. Spectroscopy was also performed on single fluorescent particles, with the fluorescence captured and guided in the fiber core. Video tracking methods allowed the optical traps to be characterized and photobleaching of single particles was also observed and characterized.
Introduction
Micromanipulation using optical tweezers in a microfluidic environment has enabled a diverse range of capabilities to be explored. For example, the sorting of microscopic particles using microfluidic flow through an optical lattice has demonstrated the feasibility of optical fractionation based on the size, shape and refractive index of microparticles [1, 2] . Other demonstrations include optical chromatography, in which optical and hydrodynamic forces are balanced to achieve segregation and collection of microscopic objects [3] . Microfluidic flow has been used to assist in loading static optical trapping geometries such as counterpropagating optical fiber traps and integrated laser traps [4] . Optical tweezers can generate microfluidic flow and can also be used for micro-rheology to map complex flow profiles [5] .
Combining optical micromanipulation with microstructured optical fibers, also known as photonic crystal fibers [6] , has also received growing interest. Special optical modes supported may be exploited for advanced trapping configurations, such as long range dual beam trapping using endlessly single-moded photonic crystal fiber (PCF) [7] . More attention has been received by hollow-core PCF (HC-PCF) and the possibility of trapping and guiding particles inside the hollow core. For example, the guided mode of the HC-PCF has been used to trap and guide Rubidium atoms and also particles along the length of a fiber [8, 9] . The use of a tweezers beam focused transversely through the cladding of a water-filled fiber to load and hold a particle in the core [10] has been demonstrated using particles of approximately the same size as the core. Such particles would have filled the cross-section of the core and manipulation of their position would only have been possible along one dimensionlongitudinally along the fiber. Recent studies have also shown liquid-filled HC-PCF can be used to probe viscous and optical forces on microparticles [11] .
This combination of optical traps and HC fibers brings the possibility of interaction with the trapped particle using the optical waveguide (the hollow-core) in which the particle is trapped, beyond using the guided mode to perform the trapping. The HC fiber allows light to interact strongly with material filling the core, and this has been used, e.g., to generate frequency combs from Raman scattering in gases [12] in a silica HC fiber, or to characterize the optical rotation of a sugar solution [13] and to perform Raman spectroscopy [14] using HC microstructured polymer optical fibers (mPOF) [15, 16] . In the latter example, a HC-mPOF filled with a Rhodamine/silver nanoparticle suspension was used to demonstrate improvements in the detection limit of surface enhanced resonant Raman scattering (SERRS). The improvement arose from guiding both the pump and SERRS wavelengths in the hollow core, increasing both the interaction with the pump light and the efficiency with which the SERRS signal was collected, relative to an equivalent measurement in a cuvette [14] . This paper reports on the first demonstration of three-dimensional optical trapping of microparticles inside the core of a liquid-filled hollow-core fiber, through the use of a conventional optical trapping configuration, i.e. an external tweezers beam focused transversely through the fiber cladding. Polystyrene spheres of 1-5 μm diameter were trapped and positioned throughout the cross section of the 60 μm diameter core of a HC-mPOF designed and fabricated for this purpose. The optical traps were characterized over the crosssection of the core using video tracking methods to determine the influence of the surrounding structure. Furthermore, this trapping architecture allows the HC fiber to be simultaneously utilized as a waveguide, allowing spectroscopy on individual trapped particles to be conducted and photobleaching of individual particles to be observed.
Fiber design and fabrication
The requirements of this work necessarily place constraints on the properties of the hollowcore optical fiber. The fiber was required to have a large core to allow for a sufficient volume in which 3D trapping could be demonstrated but also a small external diameter (< 200 µm) to allow for positioning of the trapped particles throughout the transverse plane without the lens of the optical tweezers colliding with the fiber. The cladding was required to be as simple as possible to minimize distortions to the tweezers beam focused through it. To facilitate spectroscopy, the fiber would be required to have an appropriate transmission window, once filled with water, overlapping with the emission of the chosen fluorescent particles(550 to700 nm in this case, as outlined in Section 4 below).
A polycarbonate (PC) kagome fiber with two rings of cladding holes [17] was chosen to address these constraints. Kagome fibers typically have a large pitch and a large core, and can achieve sufficient guidance without requiring many periods in the cladding [12, 18] . Two rings of cladding holes minimizes both the complexity of the structure though which the tweezers beam is focused, and the diameter of the fiber. The wide transmission windows achieved in kagome fibers would also make it easier to accommodate the fluorescence spectrum of the particles. Polycarbonate is more rigid than the more commonly used polymethylmethacrylate (PMMA) [16] and would make the thin fibers easier to handle. The increased material absorption compared to PMMA would be negligible given the hollow core. For ease of fabrication and handling, the fiber diameter must be maximized (i.e. to 200 µm in this case), requiring the blue edge of the transmission window to overlap with the particle fluorescence when filled with water. Considering the refractive index of PC (n = 1.58), filling with water shifts the wavelengths of the transmission windows to 70% of their value when filled with air [14, 19] , shown in Fig. 1 . This required the air-filled fiber to guide wavelengths above approximately 800 nm, such that wavelengths above 550 nm may be guided when water-filled. This requires the polymer struts in the cladding of the fiber to have a thickness of approximately 320 nm [20, 21] .
The fiber preform was constructed by stacking 18 PC tubes with 4 mm diameter and 100 μm wall thickness inside a larger tube with 22 mm inner diameter/25 mm outer diameter. Two additional short tubes were inserted in the center of the stack at the top and bottom of the preform to keep the central position (i.e. the core) open. The preform was stretched to cane of 8 mm diameter, from which fiber of 200 µm was drawn.
The cross-section of the fiber and the transmission spectrum (air-filled, 20 cm length) are shown in Fig. 1 , with the main transmission band beginning at 730 nm and extending beyond 1750 nm. This will shift to a blue edge at 510 nm in the water-filled case, and hence will overlap with the fluorescence of the particles as required (Section 4), also shown in Fig. 1 . The core diameter of the final fiber was approximately 60 µm, and the strut thickness was inferred from the transmission spectrum to be approximately 300 nm. The air fraction of the cladding was estimated to exceed 95%, and indeed the air fraction of the entire fiber exceeded 55%.This fiber will be referred to as Fiber 1 for the remainder of the paper.
In addition to the above fiber, a second kagome fiber as reported in [17] with the same geometry as Fiber 1, but slightly different dimensions, was also used. The transmission band of this fiber did not correspond to the wavelength region of interest here, and hence it was used for certain trapping experiments only, and not the characterisation of fluorescence in Section 4. This fiber will be referred to as Fiber 2. 
Optical trapping inside the hollow-core
Details of the optical trapping setup used for this work are shown in Fig. 2 . To facilitate trapping inside the fiber, a microchamber consisting of 10 cm of fiber was assembled as shown in Fig. 2(b) . Two syringe needles cut to several mm's in length were glued to the edges of a microscope slide and the HC fiber was threaded through these and glued into place. Prior to gluing, the fiber's orientation was adjusted to minimize the number of interfaces the tweezers beam would encounter as it passed through the cladding so as to minimize any possible distortions to the beam. The preferred orientation is shown in Fig. 2(d) and was discovered by trial and error throughout the course of the experiments.
Microtubing was attached to one of the syringe needles to allow the fiber to be filled with the suspension of the particles. The fiber protruding from the other needle was connected to a patch cord using SMA connectors, leading to an optical spectrum analyser (OSA). The patch cord was required to protect the OSA from the liquid exiting the fiber endface. After flushing with water, a suspension of the particles was introduced into the fiber through the microtubing. The flow speed was reduced to allow for the particles to be trapped.
The trapping experiments were conducted using a custom made optical tweezers apparatus, shown in Figs. 2(a) and 2(c) . It consisted of a 5 W Nd:YAG (Laser Quantum Ventus) 1064 nm trapping laser, focused through a high numerical aperture (NA = 1.25) oil immersion objective to create a diffraction limited spot in the microscope imaging plane. A beam expansion telescope was used to overfill the back-aperture of the objective, and beam steering optics were used to translate the trapping beam using two-axis acousto-optic deflectors (AOD) or manually using a steering mirror. Bright field imaging was acquired though a camera. Variations in the particle position were extracted from video recordings of trapped particles.
Using this system, 1 μm and 5 μm polystyrene spheres were successfully trapped in the core (and also the cladding holes) of the HC fibers, using Fiber 1 and both fibers respectively. Figure 3 shows still frames from video footage of a 5 μm microsphere trapped in the center of the fluid-filled fiber (Fiber 2). In Figs. 3(a) and 3(b), trapping in the xy plane is shown by moving the trap position from side to side using the steering mirror, or by moving the fiber with respect to the static trap position. Three-dimensional trapping, shown in Fig. 3(c) , is demonstrated by moving the trapping plane through different depths in the fiber via the sample stage and noting that the trapped particle remains in focus, with different layers of the surrounding microstructure becoming visible as depth changes (highlighted in red). These results demonstrate full three dimensional control of microscale objects inside an optical fiber, with position capabilities over a large volume inside the hollow core at accuracies comparable to gradient force optical tweezers. Videos of 5 μm and 1 μm particles being manipulated are shown in Fig. 4 . The trapping powers used were 17 mW for the 5 μm particles (Fiber 2) and 40 mW for the 1 μm particles (Fiber 1). It is noted that in each instance of trapping across all the experiments, the particle was trapped using low laser power, and the power was increased to the desired value with the trapped particle remaining in focus. This confirms once again that 3D optical trapping was achieved, and not levitation of the particles in the z-direction.
An optical trap can be described as a microscopic Hookean spring with a restoring force F given by F = -κ∆x, proportional to the displacement ∆x about the center of the trap and the trap stiffness κ. The trap stiffness was determined by analyzing video recordings of trapped particles to determine the positional variations, which were then decomposed in to variations in the x and y directions. A Gaussian distribution was fitted to the position data, allowing the variance σ of the best fit to be extracted, and the trap stiffness to be calculated from ½ k B T = ½ κσ 2 , where k B is the Boltzmann constant and T the ambient temperature. Examples of the position distributions and associated Gaussian fit for 5 μm particles trapped in the center of the core using a 20 mW trapping beam and Fiber 2 are shown in Fig. 5(a) . This method does not allow for trap stiffness in the z-direction to be measured as fluctuations in position along z cannot be accurately discerned in the video. Trap stiffness measurements were performed on the trapped 5 μm particles in Fiber 2 at different points along the core (at a constant trapping depth of 10 μm above the cladding holes) in order to assess the effect of the near-lying microstructure on the trapping performance. The particle was trapped at a power low enough to observe thermal fluctuations within the trap. The particle position fluctuations such as shown in Fig. 5(a) allowed the trap stiffness to be calculated, and the variation in the trap stiffness across the core of the fiber is presented in Fig. 5(b) for both the x-direction (κ x ) and y-direction (κ y ). Points were taken where the image of the trapped sphere was suitably undistorted to allow video tracking with high fidelity. Important features to note about the trapping profile are that at the periphery of the fiber core the trapping stiffness is lower and more symmetric than the trap at the core center. Near the center of the core the trap stiffness is slightly higher along the direction of the fiber and at points where the trapping beam passes through struts in the cladding the trap stiffness becomes asymmetric. Qualitatively we can rationalize all of the important features shown in Fig. 5(b) . At the edge of the core the trapping beam passes through a greater thickness of high refractive index polycarbonate, both in the coating and cladding layers, which leads to greater levels of spherical aberrations at the trapping site, thereby lowering the trapping strength. At the center of the fiber the strong asymmetry in the trap stiffness emerges due to an increase in diffraction from the underlying cladding structure along the width of the fiber. This is supported by the strong dip in trap stiffness when the trapped object passes near a cladding strut with a thickness of the order of the trapping wavelength. In the direction along the axis of the fiber the microstructure has extended features, which will perturb the trapping potential to a lesser extent.
Characterisation of trapped particles
Successfully trapping the particles inside the hollow-core of the fiber places these trapped particles inside a waveguide, meaning the guided modes of the waveguide are available to characterize the particles. The example application investigated in this work was to use 3.2 μm diameter fluorescent particles (Thermo Fisher Scientific, Fluoro-Max Red R0300) and to use the hollow-core to guide the fluorescence to an OSA (Fig. 2(b) ). The particles obtained had an emission spectrum spanning from 550 to 700 nm (Fig. 6) , and could be excited using a 514 nm argon-ion laser focused on the trapped particles through the same objective as the trapping beam (see Fig. 2(a) ). Fiber 1 was used exclusively in this section. Figure 6 (a) shows the fluorescence spectra recorded through the hollow-core for a single trapped particle using 10 mW of power at the excitation wavelength. A fluorescence signal was only detected at the output of the fiber when a particle was held in the trap, and disappeared when the particle was released, confirming that the recorded fluorescence was of the single trapped particle. A comparison to the emission spectrum of a suspension of the particles, taken in a separate cuvette measurement, shows that the full spectrum was guided by the hollow-core as intended. Modulations in the spectrum collected via the fiber, as compared with the free particle cuvette measurement, are associated with the fiber's transmission properties. The intensity of the emission was observed to decrease with time, both through the spectra and through imaging (Fig. 6(b) ). This indicates that the particles are photobleached by the excitation beam. The rate of photobleaching was estimated from the spectra of Fig. 6(a) , and the emitted power was found to have a half-life of 16 s in the case of 10 mW excitation power. Particles that had been previously trapped could be identified when trapped subsequently through the lack of fluorescence, having been bleached. Fig. 6 . (a) Emission spectra taken for different excitation times (514 nm, 10 mW) of a single trapped particle; the emitted light is guided through the hollow core of the fiber in which the particle was trapped. The spectrum of free particles in suspension is superimposed for comparison. The emission is observed to decrease with exposure to the excitation beam, in the spectra and also through imaging (b), indicating photobleaching. The peak at 514 nm is light from the excitation laser scattered into the core by the particle.
Conclusion
In conclusion, a novel trapping geometry has been demonstrated where a single gradient force optical tweezers was used to manipulate microscopic particles in three dimensions inside a hollow core microstructured optical fiber. Trap stiffness measurements were made using video tracking methods in order to determine the effect of the cladding structure on the trapping performance of the optical tweezers. Furthermore, light emission from an optically trapped fluorescently labeled microparticle was measured via a spectrometer coupled to the end of the hollow-core fiber. Particles were excited via a secondary laser source aligned colinearly with the trapping laser. Measurements of photobleaching of the luminescence using the spectrometer and by directly visualizing the particle at the same time, as well as the absence of a fluorescence signal when no particles were trapped, confirmed that the signal was only originating from the trapped particle.
This work can be extended to the trapping of single cells suspended in solutions, and the characterisation thereof using fluorescence as demonstrated here, or other spectroscopy methods. Such a scheme would be identical to that presented, however cells would be typically larger (>10 μm) and will have a lower refractive index than the particles used here, closer to the refractive index of water. The resulting lower refractive index difference will reduce the optical forces, however, trapping in the geometric optics limit is less sensitive to aberrations, and this would improve the trapping capabilities inside the fiber. The fiber, as a waveguide, can be used to supply the pump light (for fluorescence or Raman spectroscopy), or to guide a broad wavelength range for absorption spectroscopy.
